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Over-expression of an arabidopsis family A sucrose
phosphate synthase (SPS) gene alters plant growth
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Abstract The objective of this study was to
manipulate the intracellular pools of sucrose by
differentially expressing exogenous sucrose phos-
phate synthase (SPS) and investigating its role in
regulating plant growth and fibre development.
Tobacco (Nicotiana tabacum cv. Xanthi) plants were
transformed with an arabidopsis SPS gene under the
regulation of the ubiquitously expressed tandem
repeat of the 35S cauliflower mosaic virus promoter,
and subject to growth trials and fibre characterization.
It was apparent that over-expression of SPS resulted
in substantially elevated concentrations of sink
sucrose pools compared to wild-type plants, while
source tissue sucrose pools remained the same. All
transformed plants had significantly increased stem
height, which was ascribed to internode elongation,
and greater stem diameters, longer fibers and
increased total dry biomass relative to the control
plants. Difference in the chemical composition of
either the storage or structural carbohydrates of the
wild-type and SPS transgenic lines were only minor.
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The correlation between increased stem sucrose
content and plant phenotypes with elevated SPS gene
expression confirm a role for sucrose availability in
controlling plant growth and fibre elongation.
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Introduction

Sucrose, the major product of photosynthesis, can
either be utilized directly by glycolysis or be
translocated within the plant as a soluble carbohy-
drate via the phloem. When imported into sink
tissues, sucrose is used for the maintenance of
cellular metabolism, cell wall biosynthesis, and
respiration or converted to starch for storage
and used at a later time (Sturm, 1999; Kutschera
and Heiderich, 2002). The reaction catalyzed by
sucrose phosphate synthase (SPS, EC 2.4.1.14), the
synthesis of sucrose-6-phosphate from fructose-6-
phophate and UDP-glucose, is a key regulatory step
in the control of sucrose synthesis in plants (Stitt
et al., 1988). Intracellular pools of sucrose are subject
to the catabolic effects of invertases and/or sucrose
synthase (SuSy) to ultimately liberate fructose and
glucose (UDP-glucose in the case of SuSy) residues.
SPS therefore plays an important role in carbon
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partitioning in the regulation of starch production
versus sugar accumulation in many physiological and
developmental processes such as water stress
(Geigenberger et al., 1997), diurnal carbohydrate
allocation within the plant (Huber and Huber, 1996;
Chen et al., 2005), as well as during flower (Baxter
et al., 2003), fruit (Laporte et al., 2001), and cell wall
development (Haigler et al., 2001).

A significant amount of the research investigating
the role of SPS in photosynthetic tissues has been
conducted, and therefore many aspects of its function
and regulation in these tissues are known (Foyer
et al., 2004; Huber and Huber, 1996; Lunn and
MacRae, 2003). In contrast, the role of SPS in
nonphotosynthetic tissues, where sucrose import and
degradation occurs, is just now becoming clear. In
nonphotosynthetic tissues, it has been proposed that
SPS may serve two possible roles: the resynthesis of
sucrose after import via apoplastic cleavage or direct
involvement in carbohydrate regulatory cycles in
which sucrose and/or starch are degraded and sucrose
is resynthesized via SPS from one or more products
(Geigenberger et al., 1997). Examples of nonphoto-
synthetic tissues expressing SPS include developing
endosperm in maize (Im, 2004), potato tubers
(Geigenberger et al., 1999), sugar cane stems (Zhu
et al., 1997), and kiwi roots (Fung et al., 2003).

Cellulose, the major structural polymer in the plant
stems, is an irreversible carbon sink. As such, how
plants control carbon partitioning to cellulose bio-
synthesis is a key question for researchers globally
(Haigler et al., 2001). Recent models propose that the
substrate for cellulose synthesis, UDP-glucose, is
channeled to the cellulose synthase complex via the
enzyme SuSy (EC 2.4.1.13) which catalyzes the
cleavage of sucrose to generate UDP-glucose and
fructose (Delmer et al., 1999; Haigler et al., 2001). In
this proposed model, the removal of fructose from the
cell is critical for continued and maintained cellulose
synthesis, as fructose is a known strong inhibitor of
SuSy activity (Haigler et al., 2001). The cycling of
fructose to generate sucrose by SPS (fructose-6-
P + UDP-glucose) therefore provides a continuous
substrate for SuSy and consequently cellulose
biosynthesis in the form of UDP-glucose, while
concurrently limiting the intracellular pool of fruc-
tose (Delmer, 1999). In the context of secondary cell
wall formation, SPS is integral, as it has a dual
function—contributing to the pathway leading to the
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synthesis of the precursor substrate (UDP-glucose)
for cellulose deposition, as well as maintaining a
constant supply of substrate by recycling the products
from the initial photosynthate.

The role of SuSy in cellulose synthesis has been
well supported by reports of increased transcription
and SuSy activity with the onset of secondary cell wall
synthesis (Salnikov et al., 2001), as well as immu-
nolocalization studies showing the colocalization of
SuSy with tracheary secondary cell wall thickenings
(Haigler et al., 2001). Correlated with the increase in
SuSy activity during secondary cell wall biosynthesis
is growing evidence for concurrent increases in SPS
activity. Using three well-established model systems
for secondary cell wall synthesis, zinnia (Zinnia
elegans) tracheary elements, kidney bean (Phaseolis
vulgaris) etiolated hypocotyls, and cotton (Gossypium
hirsutum) fibres, Babb and Haigler (2001) showed a
correlation between SPS activity and secondary cell
wall formation. Furthermore, when glucose is sup-
plied as the sole carbon source to developing cotton
fibres, sucrose is synthesized in the fibres, and both
SPS and cellulose synthesis activity are increased.
Further evidence has been provided by the
observation that the increase in SPS activity in cotton
fibres is associated with the onset of secondary cell
wall formation (Haigler et al., 2001)

In the present study, we investigated the effects of
over-expressing an arabidopsis family A SPS gene in
tobacco to help clarify the role(s) of SPS in plant
growth and carbohydrate allocation during active
secondary wall development. While many of the
previous studies investigating the differential expres-
sion of a heterologous SPS gene have focused on the
activity of the maize SPS transgene in photosynthetic
tissues using a ribulose-1,5-bisphosphate carboxylase
(Rubisco) small subunit promoter (SSU), we chose to
over-express an arabidopsis SPS gene and focus our
efforts on stem-tissue modifications in attempts to
better understand the relationship between carbon
allocation and cellulose accumulation during second-
ary wall development in plants.

Materials and methods
Cloning of SPS cDNA

The arabidopsis family A SPS (AtSPS) gene
(At5g20280) was targeted from the four known SPS
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genes in arabidopsis because of its high levels of
expression in all tissues (Langenkidmper et al., 2002),
and cloned using polymerase chain reaction (PCR).
Total RNA was isolated from arabidopsis seedlings
using Trizol (Gibco BRL) and the cDNA was
synthesized with dT;¢ oligonucleotides employing
the superscript first-strand synthesis system (Invitro-
gen, Carlsbad, CA). The 3303 bp DNA fragment was
amplified with arabidopsis SPS gene-specific forward
(5-CGATTCTCGATCTTTGATCGTCCCACC-3)
and reverse primer (5'-CCGGCAGCTTATGTACGA
CGAAGTA-3'), based on the arabidopsis genome
sequence (www.arabidopsis.org). This PCR fragment
was cloned into a pCR-Blunt II -TOPO vector
(Invitrogen), and the nucleotide sequence confirmed
to be identical to the At5g20280 genebank sequence
accession.

Construction of the SPS Plant Expression Vectors

The 2 x 35S promoter fused with an alfalfa mosaic
virus untranslated leader sequence (Datla et al., 1993)
and the NOS terminator were excised from pBI-426
and ligated into the HindllI-BamHI and Sacl-EcoRI
regions respectively, of the pUCAP cloning vector
(van Engelen et al., 1995). The 2 x 35SP"™:nos™™
cassette was excised as a HindllI-EcoRI fragment
and ligated into the pCambial390 binary vector
(Cambia™). The 2 x 35SP™™:nos"™ intermediary
construct is referred to as pSM1.

The At5g20280 SPS coding region including the
BgII and Smal restriction sites at the start and stop
codon, respectively, was produced by PCR amplifi-
cation using Pfu DNA polymerase with 5'-AGATCT
ACAAGATGGCCGGGAACGAT-3' and 5'-AGGTT
CCCGGGTCAGTCCTTGAG-3' as forward and
reverse primers. The resulting 3185 bp DNA frag-
ment was subcloned using the Zeroblunt TOPO PCR
cloning kit (Invitrogen). After excising the Bg/II and
Smal fragment from the cloning vector, the fragment
was ligated into the BamHI and Smal site of the
pSM1 binary vectors. Proper ligation and alignment
was confirmed by sequence analysis of the DNA
junctions. The resulting construct pSMISPS, was
transformed into Agrobacterium tumefaciens strain
EHA105 (Hood et al., 1993) and introduced into
Nicotiana tabacum cv. Xanthi by leaf disc transfor-
mation following a standard procedure (Horsch,
1985).

Briefly, the agrobacterium was incubated
overnight in liquid Murashige and Skoog medium
(Murashige and Skoog, 1962) supplemented with 3%
sucrose (MS + 3%) and 100 pM acetosyringone. Leaf
disks were cut and cocultured with the agrobacte-
rium, shaken for 1 h at room temperature at 100 rpm,
blotted dry and plated abaxailly onto MS + 3%
supplemented with 0.1 uM each a-naphthalene acetic
acid (NAA) and 6-benzylaminopurine (BA), and
solidified with 3% (w/v) agar and 1.1% (w/v)
phytagel (MS + NAA/BA). After 3 days the discs
were transferred to MS + NAA/BA supplemented
with carbenicillin disodium (500 mg/L) and cefotax-
ime sodium salt (250 mg/L). Following three
additional days of selective growth, the discs were
transferred to MS + NAA/BA containing carbenicil-
lin, cefotaxime, and hygromycin (20 mg/L). After
two consecutive 5-week transfers on this media,
single shoot tips were transferred to MS + 3% agar
containing no antibiotics.

Plants were confirmed as transgenic by PCR
screening of genomic DNA using gene-specific
oligonucleotides (forward 5-GGCTATCGTTCAAG
ATGCCTCTG-3' and reverse 5-AGGCCTCGCAAG
GGCAAGTA-3"). Genomic DNA was isolated using
the Red Extract and Amp Kit (Sigma, St Louis Mo).

All shoot cultures, including transgenic and
nontransformed control lines, were maintained on
solid MS + 3% in GA-7 vessels at 22°C under a 16-h
photoperiod with an average photon flux density of
40 pmol m™? s~'. Plants were maintained by
transferring apical regions at 4-week intervals.

Plant Growth Analysis

Plantlets grown in tissue culture were transferred to
7.5-L pots containing a 50% peat, 25% fine bark,
25% pumice soil mixture in the glasshouse, and
covered with 16 oz clear plastic vessels for 1 week to
aid in acclimation. Each line, transgenic (4) and
control was represented by 10-16 individual plants.
Plants were placed under an 18-h photoperiod, with
supplemental overhead lighting when ambient inten-
sity was less than 300 pmol m > s~ '. The glasshouse
plants were harvested at the onset of flowering as
indicated by the formation of flower buds. Plant
height (from flower apex to base) and stem diameter
were measured at the onset of flower bud formation
prior to harvest. Developmental stages of tissues were
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standardized by employing a plastichron index,
where leaf plastichron index PI = O was defined as
the first leaf greater than 7 cm in length from the
apex, and where PI = 1 is the leaf immediately below
PI = 0. A portion of the stem from each plant,
spanning PI = 5 to PI = 15, was excised and
immediately weighed for total stem fresh weight and
biomass measurements. This same section (PI = 5 to
PI = 15) was dried at 105°C for 48 h for dry weight
determination, and retained for further analysis. The
lower section of the stem (below PI = 15) was dried at
room temperature for fibre quality analysis. All data
was analyzed using one-way ANOVA (o = 0.05) and
Scheffé post hoc tests.

Quantitative Real-Time PCR

Total RNA was isolated in triplicate from PI = 3 and
PI = 4 leaves, as well as the internode (stem) between
these leaves. Tissue was ground in liquid nitrogen
using a mortar and pestle, and total RNA was
extracted using Trizol reagent according to the
manufacturer’s instructions. An equal volume of
phenol, chloroform, and isoamyl alcohol (25:24:1),
pH 6.7, were added to DNase-treated RNA. The
samples were then vortexed and centrifuged for 5 min
at 13,000 rpm. Ten microlitres aliquots of 3 M
sodium acetate (pH 4.5) and 200 pL of 100% ethanol
were added to the supernatant, incubated at -80°C for
1 h and centrifuged at 13,000 rpm for 15 min at 4°C.
The RNA pellet was reprecipitated in 500 pL 75%
ethanol, centrifuged at 13,000 rpm for 10 minutes at
4°C, and resuspended in 50 pL. RNase-free distilled
water after air drying.

One microgram of total RNA was used for cDNA
synthesis using dT;¢ oligonucleotides with Super-
script IT Reverse Transcriptase (Invitrogen) following
manufacturer’s instructions. AtSPS transcript abun-
dance was quantified with Brilliant SYBR Green
QPCR Master Mix (Stratagene, La Jolla, CA) on an
Mx3000P Real-Time PCR System (Stratagene),
employing AtSPS-F3 (5'-CCACAGTGGCAAAGTG
ATGATGGC-3') and AtSPS-R4 (5-TCTGACCTCT
CCAGTGATCCC-3') as forward and reverse prim-
ers, respectively. Thermocycler conditions for all
real-time analyses were: 95°C for 10 min, followed
by 40 cycles of 95°C for 30 s, 55°C for 1 min and
72°C for 30 s. Transcript number was calculated
using the Mx3000P v1.20 software (Stratagene) with
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regression equations generated from a serial dilution
of precisely known concentrations of plasmid DNA
containing the arabidopsis SPS gene.

SPS Enzyme Activity

Discs (1.1 cm?) from four fully expanded leaves
isolated between PI = 3 to PI = 5, and 1.5 cm stem
segments harvested between internode PI = 2 and
PI = 3 from each of three different plants per
transgenic line and control plants were employed for
SPS enzyme activity determination. Frozen samples
were ground in liquid nitrogen with 1.8 mL of
extraction buffer containing 50 mM HEPES-KOH
(pH 7.4), 5 mM MgCl,, 1 mM EGTA, 5 mM DTT, 2
mM aminocaproic acid, 0.5 mM PMSF, 0.1%
TritonX-100, and 10% glycerol. Samples were then
transferred to prechilled Eppendorf tubes and centri-
fuged at 4°C, 12,000g for 15 min. About 1.5 mL of
the supernatant was then desalted on a Econo-Pac®™
10DG column (BioRad, Hercules CA), from which
100 pL. was immediately used for the SPS assay.
SPS activity (Vi,ax) Was assayed as described by
Iraqi and Tremblay (2001) and Baxter et al. (2003).
In short, samples were incubated for 20 min at 25°C
in 50 pL of reaction buffer (50 mM HEPES-KOH pH
7.5, 20 mM KCl, and 4 mM MgCl,) containing 12
mM UDP-glucose, 10 mM fructose-6-phosphate, and
40 mM glucose-6-phosphate. The reaction was
terminated by incubation at 95°C for 10 min with
70 pL of 30% KOH to destroy any unreacted hexose
phosphates and the samples were centrifuged at 4°C,
12,000g for 5 min. After adding four volumes of 0.14
(w/v) anthrone reagents (in 14.6 M H,SO,) the
reaction absorbance was measured at 620 nm. A
standard curve spanning 0-200 nmol sucrose pre-
pared in the assay medium was used to calculate
absolute amounts of sucrose-6-phosphate generated.
Controls containing boiled protein extract were
included to provide appropriate blanks. Total protein
content was measured according to Bradford (1976).

Cell Wall Chemical Analysis

The chemical composition of stems was determined
according to a modified micro-klason analysis (Hunt-
ley et al., 2003). In brief, ~0.5 g of freeze-dried stems
were ground to pass a 40-mesh screen using a Wiley
mill, soxhlet-extracted with acetone for 6 h, digested
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with 72% H,SO, for 2 h, and then hydrolyzed in 4%
H,SO, for 1 h at 121°C. The total weight of nonhy-
drolyzed, extracted components was determined gravi-
metrically (acid-insoluble lignin), while the filtrate was
analyzed for acid-soluble lignin by absorbance at 205
nm according to TAPPI Useful Method UM250. The
carbohydrate composition of the treatment filtrates,
expressed in the anhydro-form, was determined by
high performance anion-exchange chromatography on
a CarboPac PA-1 column using a Dionex High
Pressure Liquid Chromatography (HPLC) system
(Dionex, Sunnyvale, CA) equipped with a pulsed
amperometric detector. Carbohydrates were expressed
as pg/mg of the dry weight of the sample.

Soluble Sucrose and Starch Analyses

Stems and leaves were harvested and immediately
frozen in liquid nitrogen and freeze-dried for 48 h.
Tissue (2050 mg) was ground with a mortar and
pestle in liquid nitrogen, and incubated for 24 h at
-20°C with 4 mL of methanol/chloroform/water
(12:5:3). The samples were centrifuged for 10 min
at 6,000 rpm and 4°C, and the supernatant collected.
The pellet was washed with 8§ mL (2 X 4 mL) of
methanol/chloroform/water (12:5:3), centrifuged for
an additional 10 min at 6,000 rpm and 4°C, and the
supernatants pooled. An aliquot of 5 mL of distilled
water was added to the pooled supernatants and phase
partitioned, and 1 mL of the resulting aqueous phase
containing the soluble sugars was dried in a speedvac
at 40°C. The pellet was re-suspended in 200 puL of
nanopure water and filtered through a nylon filter
(0.45 pum). The soluble sucrose concentrations were
quantified by anion exchange HPLC. Sugars were
eluted with water at room temperature at a flow rate
of 1 mL/min. Sucrose concentrations were deter-
mined using regression equations from calibration
curves that were derived from external standards.

The residual pellet was hydrolyzed using 4%
sulphuric acid at 121°C for 4 min. Starch content was
quantified by the liberation of glucose which was
directly quantified by HPLC employing similar
conditions as described above.

Fibre Quality Analysis

To determine the fibre length, a portion of the lower
stem of tobacco plants (below PI = 15) was cut into

representative samples of approximate dimensions of
2 mm X 2 mm X 30 mm, and reacted in Franklin
solution (1:1, 30% peroxide:glacial acetic acid)
supplemented with 3.6% sodium hypochlorite for
24 h at 70°C. The solution was decanted and the
remaining fibrous material was reacted in pure
Franklin solution for an additional 48 h at 70°C.
The solution was again decanted and the fibrous
tissue washed under vacuum with deionized water
until a neutral pH was achieved. The samples were
then resuspended in 10 mL of deionized water, and
diluted appropriately to obtain a count of 25-40 fibres
s”' on a Fibre Quality Analyzer (Optest). All samples
were run in triplicate.

Results
Plant Regeneration

Transformed tobacco plants regenerated from the
AtSPS-agrobacterium treated leaf explants displayed
no morphological abnormalities or deleterious growth
effects. Following isolation of single shoots repre-
senting individual unique transformed lines on media
supplemented with hygromycin, AtSPS integration
was confirmed by genomic PCR screening to amplify
a diagnostic fragment specific to the AtSPS gene.
Four independent transgenic lines selected from 14
confirmed 2 x 35S:SPS transformants (based on high
real-time qPCR expression levels of tissue culture
grown plants) and corresponding control (wild-type)
shoots were propogated in vitro as shoot cultures, and
individual shoots of all lines were rooted and
transferred into the glasshouse as described.

SPS Transcription Abundance

AtSPS transcript abundance (transcript copy number/
png total RNA) for both leaf and stem tissue was
quantified in all transformed lines (Figure 1). No
amplification product was observed in the nontrans-
formed control tissues with the primer pair employed
for RT-PCR, and therefore all transcript measured
was due to the expression of the exogenous family A
AtSPS transgene. As expected, AtSPS transgene
expression varied quantitatively by tissue type and
between the transgenic lines. The transcript abun-
dance in the leaf tissues was comparable among the
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Fig. 1 AtSPS mRNA transcript levels in transgenic and
nontransgenic control tobacco plants. One microgram total
RNA from PI = 3/PI = 4 leaves and whole stems tissue was
analyzed by quantitative RT-PCR. AtSPS mRNA copy
numbers were calculated from the standard curve generated
with dilution series of SPS cloning vector plasmid DNA. Data
are means of three replicates from individual leaves or
stems = SD of each of five plants per independent transgenic
line and control plants

transgenic lines, with two lines displaying roughly
equal transcript abundance in the stem tissue. In
contrast, two lines (2 x 35S:SPS2 and 2 x 35S:SPS3)
had substantially lower transcript levels in the stems
compared to the other transgenic lines.

SPS Enzyme Activity

Two transgenic lines were randomly selected for SPS
enzyme activity determination and showed a clear
trend for increased SPS activity (on average as much
as 2X) relative to the nontransformed controls
(Table 1). Although both lines examined showed an
increase in SPS enzyme activity compared to the
nontransformed controls in both stem and leaf tissue
the greatest increases were observed in the leaf tissue.
It was also apparent that the native SPS activity in
transgenic and control tobacco plants seems to also
be naturally higher (50%) in leaf tissue when
compared to stem tissue from the same plant. There
appears to be an observable correlation between SPS
enzyme activity and all of the evaluated growth
parameters, where transgenic line 2 X 35S:SPS1
displays greater stem height, larger diameter, more
total biomass and longer fibres than transgenic line
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Table 1 Average AtSPS enzyme activity in leaves (PI = 3 to
PI = 6) and stem sections (PI = 2) of transgenic and
nontransgenic control tobacco plants

Stem SPS Activity
(nmol sucrose/mg

Leaf SPS Activity
(nmol sucrose/mg

protein/min) protein/min)
Control 88 135
2 x 35S:SPS1 207 321
2 x 35S:SPS4 177 214

Data are means of three replicates per line

2 x 35S:SPS4, and also had the higher SPS enzyme
activity in both leaf and stem tissue. Unfortunately,
the full complement of lines was not analyzed for
SPS activity and therefore we do not have the benefit
of a comprehensive comparison. We have, however,
generated a T generation of these same constructs, as
well as transgenic tobacco simultaneously expressing
SPS and sucrose phosphate phosphatase (SPP)
together under the regulation of a constitutive viral
promoter (2 X 35S:SPS-SPP). These plants are the
focus of our continuing efforts to understand the role
of sucrose metabolism and carbon allocation on plant
growth and fibre formation, and will include a
thorough analysis of enzyme activity in relation to
plant growth rates, as well as interaction(s) between
these two key sucrolytic enzymes via biolumines-
cence resonance energy transfer (BRET) assays.

Soluble Sucrose Concentration and Starch
Content

Although AtSPS transcript abundance and SPS
activity was higher in leaf tissue, generally the
sucrose content in the leaves was slightly reduced
when comparing the SPS-transgenic and the control
plants. In contrast, relative to the nontransformed
control plants, the level of sucrose in the stem was
considerably higher in all four of the 2 x 35S:SPS
lines (Table 2). The change in stem sucrose levels in
the transgenic lines relative to the controls ranged on
average from ~88% (2 x 35S:SPS3) to over a
twofold increase (118% in 2 x 35S:SPS1).

An evaluation of storage polysaccharide following
extraction of the soluble sugars demonstrated a
reduction in stem starch content in all transgenic
lines (Table 2), despite the substantial pools of
soluble sucrose. The observed reduction in starch
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Table 2 Soluble sucrose concentrations and starch content of transgenic and nontransgenic control tobacco plant tissue

Stem Tissue

Leaf Tissue

Sucrose (pug/mg)

Starch (mg/g tissue)

Sucrose (pg/mg) Starch (mg/g tissue)

Control 7.20 (1.31) 3.06 (0.31)
2 x 35S:SPS1 15.74 (1.25) 2.63 (0.18)
2 x 35S:SPS2 14.36 (1.57) 2.42 (0.13)
2 x 35S:SPS3 13.50 (0.20) 2.16 (0.49)
2 x 35S:SPS4 13.57 (2.73) 2.30 (0.12)

4.59 (0.33) 7.87 (2.09)
2.44 (1.26) 5.61 (0.65)
3.46 (0.81) 5.93 (1.37)
2.68 (1.51) 6.56 (1.45)
4.82 (1.13) 7.20 (0.26)

Data are means = SD of five independent plants per line

content ranged from decreases of 15-30%. In general,
a similar trend was observed in leaf tissue, were
starch content was shown to be slightly reduced
compared to the control plants. Interestingly, the
soluble sucrose content of the leaf tissue was also
slightly reduced in the transgenic lines compared to
the wild-type plants.

Cell Wall Chemistry Analysis

Cell wall structural constituents indicated that all the
transgenic tobacco lines had reduced total cell wall
lignin content (Table 3), and this reduction was
primarily accounted for by a reduction in the acid
insoluble lignin fraction (data not shown). Total
lignin content was reduced by as much as ~12%
(2 x 35S:SPS3) compared to the control plants. In
contrast, all AtSPS tobacco lines had elevated
concentrations of acetone extractives. This may be
ascribed to higher free phenolics, however, such an
analysis warrants further investigation. Similar to
the cell wall lignin content, all the structural

carbohydrates (cellulose and hemicellulose) were
slightly reduced in the AtSPS transgenic lines
compared to the wild-type plants (Table 3). The
general reduction in structural cell wall chemistry is
likely related to the observed enhanced growth
characteristics, i.e. enhanced rate of fibre elongation
(growth) may possibly result in a reduction in the
overall extent of secondary wall deposition, and
therefore would result in an overall reduction in cell
wall constituents. However, this quantification war-
rants further investigation.

Plant Growth

The four 2 x 35S:SPS transgenic lines selected for
growth trials were shown to have significantly greater
stem height at the onset of flowering than the
corresponding nontransformed controls (Figure 2).
The altered stem height was as much as 50%, and
generally comparable among the transgenic lines
evaluated. Furthermore, the time to maturity did not
vary between the transgenic lines and the

Table 3 Cell wall chemistry (lignin and carbohydrate) concentrations of transgenic and nontransgenic control tobacco stem tissue

Structural carbohydrates (pg/mg)

Rhamnose

Galactose Glucose Xylose Mannose

Extractives  Total lignin
(mg/100 mg) (mg/100 mg)
Arabinose

Control 3.36 (0.48)  22.53 (0.42)
2 x 35S:SPS1 3.80 (0.97)  21.33 (0.63)
2 x 35S:SPS2 4.57 (0.77)  21.48 (1.06) 8.16 (0.82) 5.43 (0.6)
2 x 358:SPS3  3.43 (0.23)  19.95 (0.22) 7.03 (0.27) 5.61 (0.27)
2 x 35S8:SPS4 5.09 (0.95)  21.89 (0.96)

8.24 (0.98) 5.74 (0.03) 11.42 (2.73) 288.84 (15.31)

8.76 (0.93) 5.66 (0.55) 10.04 (0.55) 325.15 (10.68) 126.35 (6.21) 19.10 (0.67)
7.09 (0.26) 5.02 (0.18) 10.76 (0.99) 289.01 (0.76)

92.09 (0.84) 14.56 (0.58)
79.58 (5.18) 14.40 (2.19)
88.76 (1.72) 14.84 (0.36)
95.26 (5.01) 16.27 (0.10)

12.76 (0.04) 26420 (10.61)
9.57 (0.37) 282.29 (0.54)

Data are means + SD of five independent plants per line
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corresponding control lines. The increased stem
height of the transformed plants was due to increased
internode elongation as determined by the distance
between the nodes of PI = 5 and PI = 15, and the
number of internodes did not vary between wild type
and transgenic lines (data not shown).

The increased plant growth rates were also evident
in the diameter of the stem internodes immediately
above PI = 15 (Figures 3 and 4), as determined by
caliper measurements at harvest. All lines showed
significantly greater stem diameter, corresponding to
the increased stem height. This was not the case with
the stem internode diameter at PI = 5 where only one
line, 2 x 35S:SPS1, had a significantly greater
diameter. The lack of significance in stem diameters
at PI = 5 in the transformed lines is not surprising as
this section is an actively elongating portion of the
plant and developmentally is not sink tissue where
one would expect the accumulation of metabolites,
such as sucrose, which would be anticipated to be
influenced by the over-expression of SPS.

The concomitant altered stem height and diameter
accumulation translated into significant increases in
total stem biomass of the AtSPS transgenic tobacco
plants (Figure 5). Increases, up to 100%, in fresh
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Fig. 2 Plant height at the onset of flowering from glasshouse-
grown transgenic and nontransgenic control tobacco plants.
Measurements are averages of ten individual plants for each
independent transgenic line and control plants. Asterisk (*)
denotes significant difference from control at p < 0.05, as
determined by ANOVA analysis
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weight were observed in all four lines selected for
in-depth analysis. This increased biomass can not be
ascribed to solute retention, as the improved biomass
accumulation was maintained even when the har-
vested tobacco tissue was oven dried: 2 x 35S:SPS1
and 2 x 35S:SPS3 proved to be statistically different
at p = 0.05, while 2 x 35S:SPS2 and 2 x 35S:SPS4
were significant at p = 0.1.

An analysis of the fibre properties of the transgenic
tobacco compared with the corresponding controls
revealed that the transgenic plants had statistically
significantly longer fibres than the controls (Figure 6).
The altered fibre property trends in the transgenic
lines correlated with the increased stem height, and
concur with the quantifiable changes in internodal
length (elongation).

Discussion

Differential expression of a family A arabidopsis SPS
gene (SPS; EC 2.3.1.14) was achieved in both
tobacco leaf and stems tissue by over-expression of
the AtSPS gene under the regulation of the constit-
utive 2 X 35S promoter. Generally, higher transcript
abundance was observed in leaves relative to the stem
in all of the 2 x 35S:SPS transgenic lines evaluated.
The elevated transcript abundance and associated
elevated enzyme concentrations manifested signifi-
cant enhancement in all growth parameters in all
transformed lines investigated, namely height and
diameter growth and biomass accumulation, as well
as fibre length. However, the over-expression did not
alter plant phenology and/or leaf morphology (size,
shape, or number). The proposed role(s) for SPS in
cell wall development and cellulose production is just
one component of the regulation of carbon partition-
ing in the plant ascribed to SPS, and there are reports
that demonstrate a relationship between SPS and
plant growth. Haigler et al. (2000) observed altered
fibre traits in cotton fibre cells over-expressing a
spinach SPS gene. In tomato transformed with a
maize SPS gene concurrent increased shoot and
decreased root biomass were observed (Galtier et al.,
1993), while antisense arabidopsis SPS showed a
50% reduction in plant growth (Strand et al., 2001).
Additionally, SPS has been linked to a quantitative
trait locus (QTL) controlling growth and yield in rice,
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Fig. 3 Photos
demonstrating differences
in stem diameters at 4
weeks post planting, of (A)
nontransgenic and (B)
transgenic tobacco plants
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Fig. 4 Stem diameter ratios (diameters taken from stems
sections PI =5 and PI = 15) from glasshouse-grown transgenic
and nontransgenic control tobacco. Measurements are averages
of ten individual plants for each independent transgenic line
and control plants. Asterisk (*) denotes significant difference
from control at p < 0.05, as determined by ANOVA analysis

and SPS-transgenic rice has been reported to grow
taller than nontransformed plants (Castleden et al.,
2004). Unfortunately, the exact role of SPS in plant
growth and yield is not clearly understood as there
are also reports of transgenic tomato plants express-
ing the maize SPS gene under the regulation of the
rbcS promoter where no, or minor, changes in growth
or biomass were observed (Ferrario-Méry et al.,
1997), although other parameters such as flowering
and fruit set were altered (Micallef et al., 1995).
Furthermore, consistent changes among all transgen-
ics is not always the case, as Laporte et al. (1997)
reported increased biomass in only one of four SPS-
transgenic tomato lines. Similar lack of growth
enhancements were reported in independent studies
involving tobacco (Baxter et al., 2003) and tomato
(Worrell et al., 1991).

600 -] Fresh Weight
223 Dry Weight
500 | * * * *
wb o [ &
B 300 |
&
g 200 4—1—\
a * *
£ 50 H
& 7% %
25 1
0
© & & & &
o 5 5 5 5
& & o &
F g aF oF

Fig. 5 Plant biomass from glasshouse-grown transgenic and
nontransgenic control tobacco plants. Measurements are
averages of ten individual plants for each independent
transgenic line and control plants. Asterisk (*) denotes
significant difference from control at p < 0.05, as determined
by ANOVA analysis

In the current study, tobacco plants transformed
with an arabidopsis SPS gene demonstrated enhanced
plant growth traits (stem height and diameter),
elevated transcript abundance and SPS enzyme
activity (2 of 4 lines), and substantial pooling of
soluble stem sucrose content. The observed modifi-
cations were very comparable among lines evaluated,
and therefore trends in phenotypic correlations were
not obvious. However, it is clear that the over-
expression of this Arabidopsis SPS gene in tobacco
manifests quantifiable changes in transcript abun-
dance and enzymatic activity in both leaf and stem
tissue, and ultimately regulated plant growth and fibre
development. Similar trends in transgenic plants
harboring the exogenous SPS genes are not consistent
in the literature, and the anomalies with the over-
expression of SPS have, for example, previously been
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Fig. 6 Length weighted fibre length (PI = 15) from
glasshouse-grown transgenic and nontransgenic control tobac-
co. Measurements are averages of ten individual plants for each
independent transgenic line and control plants. Asterisk (¥)
denotes significant difference from control at p < 0.05, as
determined by ANOVA analysis

ascribed to light activation of enzymatic function in
transgenic tobacco expressing the maize SPS gene
(Huber and Huber 1996). However, when the same
gene was over-expressed in tomato, relatively little
light induced activity was observed (Galtier et al.,
1993). Additionally, in arabidopis, where endogenous
SPS activity has not been shown to be light modu-
lated, transformation with the maize SPS gene did
confer light modulation of SPS activity (Signora
et al., 1998).

Laporte et al. (2001) previously suggested that
SPS-modulated enhanced growth is most likely due
to altered partitioning of carbon, primarily between
starch, sucrose and ionic compounds. More recently,
Chen et al. (2005) demonstrated functional differ-
ences between SPS gene families in tobacco, where
family A expression patterns were observed in all
tissues, while family B and C were prevalent in
reproductive organs and mature source leaves,
respectively. Furthermore, it was shown by RNA
interference that down-regulation of family A had no
effect on leaf carbohydrate metabolism, while similar
reductions of family C lead to increased leaf starch
content (via impairment of starch mobilization). The
findings of Chen et al. (2005) concur with our current
findings that demonstrate that although elevated SPS
activity was achieved in leaf tissue, the available

@ Springer

soluble sucrose pools were not significantly altered.
In contrast, the sucrose content of the tobacco stems
were significantly elevated, suggesting that basal
levels of leaf sucrose are maintained and all
‘‘excess’’ sucrose is translocated rapidly and consis-
tently from source to sink tissue. Such a conclusion is
further supported by fact that starch content is also
very similar among the control and transgenic lines,
and therefore there is no evidence of altered carbon
partitioning to starch storage (at least during this
period of the diurnal cycle—mid day)

In cells undergoing rapid cell wall thickening,
Haigler et al. (2001) proposed that the main role of
SPS is controlling fructose recycling to provide
additional and continuous concentrations of available
sucrose to SuSy and to remove fructose from the
cellular pool as in an effective inhibitor of SuSy. The
current finding again lend support to these claims
which illustrate that the substantial intracellular pools
of sucrose in stem tissue in some way manipulates
fibre development and deposition, resulting in longer
fibres lengths and consequently taller plants of greater
biomass. The over-expression of exogenous SuSy has
recently been shown to also positively impact stem
height of transgenic tobacco (Coleman et al., 20006),
and therefore supports such a hypothesis. Carbon
partitioning, as suggested by Laporte et al. (2001), is
not apparent in the current study, as the polymeric
carbohydrates in the sink tissue (stem) are both
slightly reduced (cellulose and starch) in comparison
to the corresponding control tissues.

Previously, higher leaf sucrose levels were corre-
lated with increased SPS activity in tomato, sugar-
cane, and arabidopsis (Worrell et al., 1991; Zhu et al.,
1999; Signora et al., 1998, Murchie et al., 1999). In
the current investigation, soluble leaf sucrose con-
centrations do not appear to be altered compared to
the wild-type plants. However, the stem (sink tissue)
sucrose concentrations were significantly elevated
consistently in all lines, to greater than 118% in one
line. While we have no definitive explanation for the
differences between our results and those of the
previous studies, it is possible that differences in
either gene specificity, maize versus arabidopsis,
promoter choice, or some specific regulatory
response of the host plant (tobacco) contributed to
these differences (i.e. protein phosphorylation or the
putative tetrameric nature of the protein). Our data do
clearly demonstrate a difference in stem carbohydrate
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levels, an attribute which has not been investigated in
any of the previous studies.

Much of the difficulty in understanding the effect
of SPS through the over-expression of a SPS
transgene is the very specific and complicated
regulatory system of this enzyme and the extent this
plays in transgene expression. For example, it has
been proposed that SPS forms a complex with
sucrose-phosphatase (Lunn and MacRae 2003) and
that this complex may be critical in the synthesis of
sucrose. SPS is also typically a low abundance
protein (<0.1% of total protein) and relatively
unstable (Huber and Huber, 1996). A final regulatory
network involves the fact that SPS is encoded by a
multigene family and is highly regulated by phos-
phorylation with two different kinases acting on
different members of the SPS gene family (Lunn and
MacRae, 2003). Furthermore, Laporte et al. (2001)
suggested that the optimal activity for enhanced
growth in transgenics is 2x the wild-type SPS activity
level. Clearly, any component in this complex
regulatory network could limit the recovery of a
plant(s) with a clear phenotype.

The disparity in regulatory mechanism for the
different members of the SPS gene family have led
some investigators to speculate that the expression of
maize B-family genes in dicots where A family genes
predominate, may be the most successful means of
manifesting altered phenotype and controlling carbon
partitioning (Lunn and MacRae, 2003). However, to
date, the literature has proven the maize gene to be
highly variable in different backgrounds. Clearly,
studies such as the present one are needed to
determine if a monocot SPS gene is indeed any more
or less variable in expression than a dicot SPS gene.

The modulation of complex variables such as plant
growth, chemical composition and gene expression
are of central interest to the plant biotechnology
community. The current findings clearly demonstrate
that the over-expression of SPS in plants has the
potential to dramatically improve plant growth rates.
It is less clear what potential the over-expression of
SPS has to alter the production and partitioning of
cell wall precursors such as sucrose and starch in sink
tissue. However, there is no doubt that improving
energy capture, conversion of radiant energy, and the
allocation of carbon within the plant are promising
areas for future plant improvement strategies. Equally
important is the capacity to regulate cell wall

ultrastructural properties (i.e. fibre traits), which
present several key opportunities for biotechnological
applications manipulating plant growth and develop-
ment in several areas, including agriculture and
forestry.
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